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Vitellogenesisikopleura, is unusual for a chordate, in that the thousands of nuclei comprising
the entire germline are contained in a unique giant cell, the coenocyst. We examined progression through
meiotic prophase I in concert with cellular mechanisms implicated in selection, growth and maturation of
oocytes in this shared cytoplasm. Unlike sister vertebrates, no germinal vesicle was formed and maternal
transcripts were instead synthesized by polyploid nurse nuclei present in equal numbers to transcriptionally
quiescent meiotic nuclei. Meiosis resumption was concomitant with MAPK cascade activation during which
pERK translocated to nurse nuclei. Simultaneously, the coenocyst partitioned into hundreds of synchronously
growing oocytes. Signiﬁcantly, only the subset of meiotic nuclei selected to populate maturing oocytes
displayed histone H3 serine 28 phosphorylation. Disruption of the MAPK cascade, or microtubule dynamics,
did not inhibit meiotic resumption but generated oocytes with multiple nurse and meiotic nuclei. As these
supernumerary nuclei also became H3S28P enriched, growing oocytes deﬁned a selective kinase
environment in the common coenocyst cytoplasm. Vitellogenesis preceded the timing of oocyte selection
among excess germ line nuclei in contrast to Drosophila and vertebrates. This unique feature enables late
adjustment of oocyte number in accordance with the cytoplasmic volume of the germline cyst accumulated
during vitellogenesis.
© 2008 Elsevier Inc. All rights reserved.IntroductionTwo sets of interrelated events lead to the formation of a mature
oocyte: the selection and growth of an individual germ cell and the
meiotic progression of its germinal chromatin. The cyst phase is an
initial step of oogenesis common to most organisms when clusters of
germ cells are connected through intercellular bridges or ring canals
(RC). It also corresponds to initiation of meiosis (Pepling et al., 1999).
Another salient feature of reproductive strategies is that the number
of germ cells entering oogenesis usually greatly exceeds the number of
mature oocytes produced during adulthood (Matova and Cooley,
2001). Germ cells that do not complete oocyte maturation degenerate
by apoptosis, often early in meiosis prior to cyst breakdown. Before
cellularisation, cytoplasm from unselected germ cells is transferred to
forming oocytes implying that degenerating germ cells play an
accessory role in oogenesis. In the case of meroistic oogenesis of
higher insects, the accessory role is pronounced, with part of the
germline undergoing fate modiﬁcation to become nurse cells provid-
ing most of the oocyte cytoplasm. Though the cyst phase in Drosophilaompson).
a-Antipolis, 28 avenue Valrose
l rights reserved.persists throughout oocyte maturation, the future oocyte is none-
theless selected early during oogenesis in the initial phases of meiosis
(King, 1970; Spradling, 1993; Robinson and Cooley, 1997).
Oocytes of all animals arrest cell cycle progression during prophase
I of meiosis. The duration of arrest is variable and generally
corresponds to considerable accumulation of cytoplasm content
during vitellogenesis. The meiotic nucleus forms a transcriptionally
active germinal vesicle (GV) in most deuterostomes whereas it is
mostly inactive in the protostomes, Drosophila and C. elegans, in
which the syncytial nurse nuclei supply the maternal transcripts.
Subsequent resumption of meiosis in response to non-autonomous
signals is controlled in time and space in concert with the activity of
supporting ovarian accessory cells. In those cases where the meiotic
nucleus is transcriptionally active, meiosis resumption is accompanied
by germinal vesicle breakdown (GVBD) and termination of
transcription.
In both vertebrates and Drosophila, oocyte selection occurs before
resumption of meiosis. After selection, oocyte production can be
adjusted to intrinsic and extrinsic inputs. In post-natal mice, atresia,
the process of entire follicles entering cell death, decreases the
number of oogonia dramatically (Morita and Tilly, 1999; Pepling and
Spradling, 2001). Drosophila maintained on diets without protein
undergo massive egg chamber degeneration in a subset of the
ovarioles (McCall, 2004). Thus, while resumption of meiosis prefaces
267P. Ganot et al. / Developmental Biology 324 (2008) 266–276progression to metaphase I and the conclusion of vitellogenesis,
apoptosis at key check points is the predominant pathway for
numerical adjustment of oocyte production.
The deuterostome chordate, Oikopleura, has adapted a meroistic-
like conﬁguration where germline accessory and meiotic nuclei share
a common cytoplasm. This pan-global planktonic species, with a very
short life cycle (4–5 days at 20 °C), is capable of rapid population
blooms in part because of its ability to rapidly adjust oocyte
production as a function of available nutritional resources (Troedsson
et al., 2002), a strategy that establishes the oikopleuridae as one of the
most abundant groups in zooplankton communities. The transparent,
single external ovary is one giant cell, the coenocyst, in which all
meiotic and accessory nuclei coexist in a unique cytoplasm organized
by a cytoskeletal actin scaffold (Ganot et al., 2007a,b). This cyst phase
extends throughout prophase I, and hours before spawning, coenocyst
cytoplasm is partitioned into selected oocytes by unknown mechan-
isms. In the present study, we focussed on effectors in the coenocyst
involved in the selection of oocytes for growth andmaturation, as well
as those implicated in the resumption of meiosis.
Within the deuterostome lineage including star ﬁsh, ascidian, Xe-
nopus and mice, detailed studies on fully cellularised oocytes have
implicated mitogen-activated protein kinase (MAPK) in the control of
maturation near the end of growth (Abrieu et al., 2001; Haccard and
Jessus, 2006; Kishimoto, 2003; Russo et al., 1998). Despite varying
chronologies between species, interplay between MAPK activation by
mos and MPF activation is responsible for meiosis resumption,
triggering GVBD and cell cycle progression to metaphase. The MAPK,
MEK/ERK signalling cascade, is central to the regulation of several
cellular processes. Speciﬁcity of action is conferred by targeting to
speciﬁc cellular sub-compartments, often through association with
scaffolding proteins, including microtubules, and via translocation
into the nucleus to activate speciﬁc transcriptional programs (Shaul
and Seger, 2007). In mice, phosphorylated (activated) MEK, down-
stream of mos in the MAPK cascade, exists at low levels in the GV and
increases greatly after GVBD (Sun et al., 2008; Yu et al., 2007). In
addition to its colocalization with chromatin, pMEK is also associated
with the spindle after GVBD. Inactivation of pMEK resulted in
disorganized spindle function, implying a role for MAPK in micro-
tubule organization (Lee et al., 2007; Tong et al., 2003; Verlhac et al.,
1996). In Drosophila egg chambers, during the persistent cyst phase,
expression of mos occurs just prior to transfer of cytoplasm to the
oocyte and apoptosis of nurse cells (stage 9). Though mos is not
essential for meiosis in Drosophila, knockout of mos results in higher
frequency of apoptotic egg chambers (Ivanovska et al., 2004). In C.
elegans, at the transition from the syncytial phase of oogenesis to that
of cellularised growing oocytes, MAPK is required for exit from
pachytene arrest and the entry of non-selected meiotic nuclei into the
apoptotic pathway (Gumienny et al., 1999). Thus, in these two latter
cases, MAPK activation occurs at the transition between syncytial and
cellular phases of oogenesis.
Whether occurring in a syncytium, or in individually cellularised
oocytes, many key events occur during prophase I of meiosis,
classically subdivided into 5 sub-phases, each deﬁned by speciﬁc
molecular and cellular transitions. To an even greater extent than
mitosis, meiosis is characterized by a number of changes in chromatin
conformation. This is evident in the deployment of a diverse set of
histone variants (Kimmins and Sassone-Corsi, 2005; Sarma and
Reinberg, 2005), each of which is subject to speciﬁc sets of covalent
amino acid modiﬁcations, including acetylation, phosphorylation, and
methylation. These function to assure ﬁdelity in the replication and
segregation of both genome content and instructions for its down-
stream interpretation in the passage from one cell generation to the
next (mitosis) and from one organismal generation to the next
(meiosis). Phosphorylation of serine 10 in the N-terminal tail of
histone H3 (H3S10P) occurs in diplotene/diakinesis in several animal
species (Manzanero et al., 2000; Schmitt et al., 2002; Wang et al.,2006). H3S10P is important in mitosis and meiosis as Tetrahymena
strains lacking H3S10P exhibit abnormal chromosome segregation
and transmission (Wei et al., 1999). In addition to these structural
phenomena, H3S10P is a mediator of gene silencing at different stages
of the cell cycle (Fischle et al., 2005). Phosphorylation of H3S28 also
occurs during mitosis (Goto et al., 1999), and has been identiﬁed
duringmeiosis in vertebrates (Gernand et al., 2003;Wang et al., 2006).
The preponderance of evidence thus far suggests that H3P may be a
licensing factor on mitotic/meiotic chromosomes indicating their
preparedness to undergo separation after metaphase (Hans and
Dimitrov, 2001; Hanson et al., 2005) rather than as a driving force in
chromosome condensation.
In Oikopleura dioica, we found that meiotic nuclei do not form a
germinal vesicle and their transcriptional output was reduced to a few
small nuclear foci of activity whereas polyploid nurse nuclei were
highly active. Meiotic nuclear transcriptional repression was con-
comitant with H3S10P labeling, early in prophase I. During oocyte
selection, meiotic nuclei in growing oocytes became selectively
H3S28P enriched and the MAPK, ERK1/2, was activated and found in
foci in nurse nuclei but not meiotic nuclei. Inhibition of MAPK
activation did not impair meiosis resumption or oocyte selection, but
additional meiotic and nurse nuclei passed through RC to be
incorporated in spawned oocytes, a phenotype also observed when
microtubule dynamics were disrupted. Supernumerary nuclei popu-
lating mature oocytes were also H3S28P labeled, implying that a
growing oocyte deﬁnes a speciﬁc kinase environment, even though
connected to the general coenocyst cytoplasm by a RC.
Materials and methods
Animal culture, chemicals and antibodies
O. dioica were collected and maintained in laboratory culture at
15 °C (Chioda et al., 2004). Stock solutions of U0126 were dissolved in
DMSO at 12.5 mM and diluted in seawater to 1.5 μM ﬁnal
concentrations. Colchicine (Sigma) was prepared in milli-Q water at
100 mM and diluted in seawater at a ﬁnal concentration of 0.5 mM.
Mouse monoclonal IgM anti-phosphoCTD of RNA pol II (H5, MMS-
129R, Covance), anti-ﬁbrillarin clone 72B9 (NeoMarkers), rabbit
polyclonal anti-histone H3 phospho-serine 10 (H3S10P, 06-570) and
anti-histone H3 phospho-serine 28 (H3S28P, 07-145) from Upstate,
Rabbit polyclonal anti-ERK1/2 (V1141) and anti-dually phosphory-
lated ERK1/2 (anti-pTEpY, V803A) from Promega, and rat Ig2a anti-
BrdU (BU1/75, Accurate) were used at 1/100 ﬁnal dilutions. Secondary
anti-rabbit and anti-mouse (Chemicon), anti-rat and anti-IgM (Jack-
son Immunoresearch) antibodies were used at 1:1000 ﬁnal dilutions.
Phalloidin-Alexa488 (Molecular Probes) was dissolved in MeOH at
200 U/ml and incubated simultaneously with primary and secondary
antibodies at a ﬁnal concentration of 0.6 U/ml.
Immunoﬂuorescence, image acquisition and processing
Fixation, staining protocols, and confocal microscopic imaging
were as described (Ganot et al., 2006). No optical cross-talk was
observed. Images were mounted with Zeiss Image Browser, Adobe
Photoshop and Illustrator software.
Microinjection of Br-UTP
Br-UTP was dissolved in 140 mM KCl, 2 mM Pipes pH 7.4 at a ﬁnal
concentration of 20 mM and phenol red was added for visual
monitoring of injection. Br-UTP solution was microinjected into
gonads of P3 and P4 animals as described (Ganot et al., 2006).
Animals were ﬁxed at intervals from 4–90 min post-injection. Neo-
transcribed RNAs that incorporated Br-UTP (Br-RNA) were detected
with the rat anti-BrdU antibody.
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Maturation was induced as previously (Ganot et al., 2007b). For
exposure to inhibitors, 15 P3 animals were placed in falcon tubes and
after 4 h rotation, the indicated inhibitor, or equivalent volume of
DMSO alone (control), was added. Increasing concentrations of U0126
(0.2 to 5 μM) were assessed. Working concentrations, deﬁned as
reproducibly affecting maturation in N50% of the animals, were set at
1.5 μM. Effects of colchicine were assayed as in Ganot et al., 2007b.
Incubations were carried out for durations indicated in the results. To
prepare extracts for Western blotting, animals were placed on the
wheel 4 h, indicated inhibitors or DMSO were added, and incubation
carried out for a further 3 h. In these experiments, assayed as bulk
protein extracts, rather than as separate individuals in immunoﬂuor-
escence experiments, concentrations of U0126 were increased to
4.5 μM to increase the proportion of responding animals.
Western blotting
Females were selected under differential interference contrast
optics. Polyploid nurse nuclei in females produce a rougher texture in
the coenocyst as opposed to the smooth appearance in themale gonad
resulting from a population of uniformly small nuclei. Females were
exposed as above to U0126 DMSO, or sampled from the runningFig. 1. The 5 phases of coenocystic oogenesis in Oikopleura dioica. (I) Image of a day 4 (P3) juv
compartments: tail (containing the notochord), trunk and gonad. (II) Sequential events in coe
prophase I of meiosis. After an initial phase of syncytial nuclear proliferationwithin the single
(P1–P5) from day 3 to 6.5, after which, animals spawn and die. (III) Confocal images of whole
(bottom panel) at different stages of oogenesis: F-actin, green; DNA, blue. (IV) Schemas of cel
follicle cells, enclosed in a monolayer epithelium. P1 marks commitment of the thousands o
nuclei (NN), increase ploidy through multiple rounds of endocycling. P2 covers meiotic ev
complex internal F-actin network deﬁnes pseudo-compartments (pro-oocytes) surrounding
through a persistent 2 μm diameter ring canal. At the P3 to P4 transition (day 5.5) all meioti
parallel, a subset of pro-oocytes grows simultaneously by transfer of coenocyst cytoplasm thr
meiosis. During P4 there is a radical cytoplasmic reorganization, wheremeiotic nuclei from u
(P5), nuclei external to oocytes (NN andMN) undergo apoptosis, leaving a gonad ﬁlled withmcontrol culture. After exposure they were transferred in a minimal
volume of seawater to an excess of dissection buffer (Tris pH 7/50mM
KCl/5 mM DTT/0.25 M dextrose/2 mM PMSF/0.5× anti-protease
cocktail [Sigma]) and the gonad isolated using tungsten needles.
Gonad contents (1–2 μl) were immediately transferred to 10 μl 2×
Laemmli buffer, boiled 2 min, and brieﬂy centrifuged. Pooled super-
natant from 7 gonads (20 μl) was loaded per gel lane. Duplicates of
samples were run on 10% SDS/PAGE and transferred onto PVDF
membranes (Millipore). Membranes were blocked in PBST–3%BSA
(BSA fractionV, Sigma) for 1 h at RT and hybridized in the same buffer
ON at 4 °C with rabbit anti-phosphoERK (1:2000) or mouse anti-pan
actin (1:5000, ACTOS NeoMarker). Membranes were washed 3×
(15 min each) in PBST, blocked in PBST/1%BSA and incubated with
corresponding anti-rabbit (Abcam) or anti-mouse IgG (Jackson
Immunoresearch) conjugated HRP (1:15,000) for 1 h at RT. Mem-
branes werewashed 3× in PBS-0.1% Triton-X and processed using ECL+
(Amersham).
Results
Oogenic phases in the coenocyst
Oogenesis in O. dioica occurs in a single-cell coenocyst containing
103–104 germline nuclei (Ganot et al., 2006, 2007a,b). After a syncytialenile (mouth to left) where the transparent animal is characterized in three anatomical
nocystic oogenesis. The coenocyst is a single giant germline cyst maintained throughout
germ cell (days 1 to 3), meiosis entry occurs and oogenesis can be divided into 5 phases
mount female O. dioica (top panel, gonad to right), and cellular details of the coenocyst
lular anatomy at P3, P4 and P5. The germline coenocyst is surrounded by a single layer of
f germline nuclei into two fates: half enter meiosis while the other half, termed nurse
ents through to zygotene. P3 is characterized by massive growth of the coenocyst. A
each meiotic nucleus (arrowheads in III and MN in IV) open to the general cytoplasm
c nuclei proceed to a π-conformation of condensed chromatin entering metaphase I. In
ough the ring canal. Only the subset of meiotic nuclei within maturing oocytes continues
nselected pro-oocytes gather with nurse nuclei in aggregates. By the end of the life cycle
etaphase I arrested oocytes, synchronously released by rupture of the gonad epithelium.
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fates in equal proportion: prophase I of meiosis, or multiple rounds of
asynchronous endoreduplication. O. dioica oogenesis can be divided
into 5 phases (P1–P5) (Fig. 1). In P1 (day 3) nuclei of homogenous size
and shape cease proliferation to enter meiotic S and G2 phases or
nurse asynchronous endocycles. During P2 (day 3–3.5) prophase I
(leptotene and zygotene) initiates, nurse nuclei adopt a donut-shapeFig. 2. Global transcription in the Oikopleura dioica coenocyst. P3 and P4 gonads microinjec
DNA, blue. Double (″) and triple (‴) primes are zooms of individual meiotic nuclei at each tim
transcripts were detected solely throughout the coenocyst. (b–e‴) Representative confocal im
P4, inferred from the absence or presence of growing oocytes, endocycling nurse nuclei activ
foci. After 90 min most labeled Br-RNA was detected in the cytoplasm. Scale bars=200 μmand increase in size, while meiotic nuclei appear smooth in texture. P3
(day 3.5–5.5) corresponds to pachytene and diplotene, during which
the coenocyst grows rapidly. Meiotic nuclei are enclosed in pro-
oocytes communicating with the common cytoplasm containing
nurse nuclei via RC. During P4 (day 5.5–6) a subset of pro-oocytes
grow synchronously by cytoplasmic transfer through RC, concomitant
with a general cytoplasmic rearrangement where nurse nuclei andted with Br-UTP were ﬁxed 4 to 90 min later; anti-Br-UTP, red or white; F-actin, green;
e point. (a,a′) Entire animal (mouth to the left) after local injection in the ovary: nascent
ages of the time course of Br-UTP incorporation; time (minutes) at left. At both P3 and
ely transcribed whereas meiotic nuclei (arrowheads) showed only limited transcription
(a); 10 μm (b–i).
270 P. Ganot et al. / Developmental Biology 324 (2008) 266–276unselected meiotic nuclei aggregate in a decreasing inter-oocyte
compartment. Meiotic nuclei adopt a characteristic condensed π-
conformation, so termed because the 3 pairs of condensed homo-
logous chromosomes (2n=6) are organized roughly in the shape of the
Greek letter π. P5 (day 6–6.5) encompasses ﬁnal maturation events
including apoptosis of all coenocystic nuclei external to oocytes.
Rupture of the gonad wall then releases 100 μm diameter metaphase I
oocytes.
Transcriptional activity in the coenocyst
In many organisms meiotic nuclei form large transcriptionally
active germinal vesicles during prophase I. In contrast, Drosophila
oocyte chromatin is maintained in a state of little to no transcriptional
activity, and it is the 15 accompanying polyploid nurse nuclei that
produce transcripts in the egg chamber. In O. dioica, a typical germinalFig. 3.Meiotic nuclei have limited transcriptional activity. (I) Ovaries at P1 to P4 were immu
white [a′–d′, aj–d‴]) and DNA (blue). Double (″) and triple (‴) primes as in Fig. 2. (a–a‴) At P
arrowhead). (b–b‴) At P2, H3S10P-negative meiotic nuclei (arrows) showed diffuse (b″,b‴) a
nuclei (arrows) became H3S10P positive (c) and transcriptionwas restricted to 2 foci (arrowh
exhibited a low, diffuse transcription pattern (arrowhead, d′–d‴), in striking contrast to th
nucleolar marker ﬁbrillarin (green) and DNA (blue); (c′) transmission photograph of (c) (arro
switches from high (a) to undetectable in late stages of oocyte maturation (c), contrary to nvesicle was never observed. We investigated transcriptional status of
the respective coenocystic nuclei using several markers: incorporation
of Br-UTP in de novo transcribed RNAs, the elongating form of RNA
polymerase II (ePol II), nucleolar ﬁbrillarin, and the meiotic marker
H3S10P.
Injections of Br-UTP into the coenocyst directly assayed global
transcriptional activity during P3/P4, with chases of variable time
revealing the spatial evolution of RNAs (Fig. 2). Following local
injection, transcripts were rapidly detected throughout the coenocyst,
almost entirely in nurse nuclei and predominantly localized in the
nucleolus (Figs. 2b, b′). Subsequently, transcripts were also detected in
the Pol II compartment (Figs. 2c–e′). Two small foci of Br-RNA were
detected in meiotic nuclei (Figs. 2c–d‴). These foci may represent
meiotic speciﬁc transcription loci and/or cytoplasmic RNAs re-
imported into speciﬁc nuclear foci. Within 1 h of Br-UTP injection,
transcripts were detected throughout the coenocyst, includingnostained for H3S10P (green), elongating RNA polymerase II (ePol II, red [a–d, a″–d″] or
1, all germ nuclei had low ePol II activity relative to surrounding follicular nuclei (open
nd low ePol II activity as compared to polyploid nurse nuclei (b′). (c–c‴) At P3, meiotic
ead, c′–c‴). (d–d‴) At P4, H3S10P-positivemeiotic nuclei (arrows in d) in π-conformation
e large polyploid nurse nuclei. (II) Ovaries at P1 (a), P3 (b) and P4 (c) stained for the
w shows MTOC associated with oocyte nucleus). Fibrillarin staining in meiotic nuclei (⁎)
urse nuclei that displayed increasing nucleolar size. Scale bars=5 μm.
Fig. 4. Selected maturing oocytes display meiotic nuclei highly enriched for histone H3 ser28 phosphorylation (H3S28P). (a–d) P3 to P5 gonads were immunostained for H3S28P,
green; F-actin, red; DNA, blue. (a) Prior to oocyte growth (P3), H3S28P labelingwas veryweak inmeiotic nuclei and absent in nurse nuclei. (b,c) After oocyte selection, H3S28P labeled
only the subset of meiotic nuclei present in growing oocytes. In (c) the labeled π-shaped meiotic nucleus (⁎) was inside an oocyte whereas adjacent unlabeled meiotic nuclei (arrows)
were not. (d) Mature oocytes released during spawning retained H3S28P labeling (inset: transmission image of these oocytes). Scale bar units in μm. At right, schematic
representation of oocyte selection. Upon signalling for maturation (P3–P4 transition), a subset of pro-oocytes is selected and grows by engulﬁng surrounding cytoplasm. During this
process all meiotic nuclei adopt the π-conformation, but only those enclosed in maturing oocytes are H3S28P enriched.
Fig. 5. Kinetics of H3S10P and H3S28P on meiotic chromatin during oogenesis. After
zygotene (P2), meiotic nuclei become uniformly increasingly H3S10P positive, and
maintain this modiﬁcation through most of oogenesis (P3, P4). At P4, a subset of pro-
oocytes is selected for growth. Initially, all meiotic nuclei express H3S28P, but only those
populating growing oocytes become increasingly enriched, with unselected meiotic
nuclei progressively losing this modiﬁcation. As oogenesis is completed, H3S10P is also
lost in unselected apoptotic meiotic nuclei (Fig. S2). The chromatin of spawned oocytes
is both H3S10P and H3S28P positive.
271P. Ganot et al. / Developmental Biology 324 (2008) 266–276growing oocytes. Small aggregates of cytoplasmic Br-RNAs noted at
the periphery of nurse nuclei (Figs. 2e, e′) recall formation of nuage at
these locations (Ganot et al., 2007a).
In P1, undifferentiated germline nuclei showed low levels of ePol II
compared to surrounding somatic nuclei (Figs. 3.Ia–a‴). After
differentiation (P2), nurse nuclei exhibited high levels of ePol II,
whereas this activity inmeiotic nuclei remained low (Figs. 3.Ib–b‴). By
P3, ePol II staining in meiotic nuclei was restricted to two small foci
(Figs. 3.Ic–d‴). Subsequent to this difference in transcriptional activity,
meiotic nuclei exhibited strong labeling for H3S10P during P3 and
continued to do so in P4 when their chromatin adopted the π-
conformation. Differences in transcriptional activity of the two
nuclear subtypes were also evident by ﬁbrillarin staining, indicative
of RNA polymerase I activity (Fig. 1.II). Thus, during synchronous
coenocystic oogenesis, condensed meiotic nuclei became essentially
quiescent and H3S10P positive and transcriptional activity was carried
out predominantly by nurse nuclei.
A restricted subset of meiotic nuclei in maturing oocytes is selectively
enriched for H3S28P
During proliferation and differentiation of the O. dioica germline
many more meiotic nuclei are generated than will yield mature
oocytes (103–104 nuclei vs. ∼300 oocytes). An apparent advantage of
the coenocyst organization in this species is that the number of
oocytes produced can be adjusted late in the life cycle (P4) as a
function of accumulated resources, namely cytoplasmic volume of the
coenocyst after vitellogenesis. During P3, all meiotic nuclei became
strongly labeled for H3S10P concomitant with restriction of their
transcriptional activity to limited foci. (Fig. 3). Here we reveal a
hitherto unknown feature of the meiotic histone code in that H3S28P
became abundant only on a subset of the H3S10P positive meiotic
nuclei that were found in maturing oocytes (Figs. 4 and 5). Prior to
oocyte growth andmaturation none of the meiotic nuclei was H3S28P
enriched (Fig. 4a). Upon entry into P4 all meiotic nuclei adopted the
condensed π-conformation, indicative of meiosis resumption. Entrywas accompanied by a global rise in meiotic nuclear H3S28P, though
when selected pro-oocytes commenced growth, H3S28P labeling was
progressively enriched only on meiotic nuclei inside vitellogenic
oocytes (Figs. 4b, c, S1). Mature oocytes released upon spawning
retained this signature (Fig. 4d). Thus, H3S28P enrichment is a feature,
initiating in diplotene, marking only those nuclei that will complete
meiosis.
MAPK activity in coenocyst oocyte maturation
Selection in P4 leading to oocyte maturation, accompanied by
alteration of all meiotic nuclei to the π-conformation, corresponded to
272 P. Ganot et al. / Developmental Biology 324 (2008) 266–276resumption of meiosis after prophase I arrest. Prior to onset of oocyte
maturation (P3), the MAPK ERK1/2 was detected throughout the
coenocyst (Fig. 6.Ia) whereas antibodies against the activated,
phosphorylated form, pERK1/2, labeled small cytoplasmic foci as
well as larger cytoplasmic bodies (Fig. 6.Ic). Upon initiation of
maturation (P4), cytoplasmic staining of ERK1/2 remained but discrete
nuclear foci also became apparent on nurse chromatin (Fig. 6.Ib).
Similar nurse nuclear foci were observed with the anti-pERK1/2
antibody (Fig. 6.Id) indicating these foci represent activatedMAPK and
the number and intensity of these foci increased as maturation
progressed (Fig. 6.Id,e). Thus, during oocyte growth between P3 and
P4, there was both a quantitative increase in pERK1/2 staining as well
as a qualitative alteration in location from cytoplasmic to nuclear foci.
At P4, the cytoplasmic foci of pERK1/2 disappeared, though the larger
cytoplasmic bodies remained labeled. The disposition of this larger
body with respect to both the meiotic nucleus in growing oocytes
(Figs. 6.Id–f), as well as its presence at the centrosomes of spindle
poles in early embryos (Fig. 6.III), were all consistent with it being anFig. 6. Mitogen activated protein kinase (MAPK) activation during Oikopleura dioica oogene
before (P3, c), after (P4, d,e) initiation of oocyte growth and in a spawned oocyte (f): ERK and
stages of oogenesis but labeled distinct nurse nuclear foci upon initiation of oocyte matur
(arrows) and in discrete cytoplasmic foci, with no nuclear signal detected. (d–f) Once oocy
during maturation and were temporal-spatially similar to foci detected by the anti-ERK1
reorganization accompanying oocyte selection (P3 to P4), the cytoplasmic bodies (arrows) re
oocytes or became associated with aggregating nurse and non-selected meiotic nuclei. (II) W
inhibitor of the MAPK kinase (MEK). pERK (∼40 kDa) was detected inwhole extracts of tadpo
control females (culture) over the P3 to P4 transition as they commenced oocyte maturatio
signiﬁcantly reduced in ovarian extracts from females induced to undergo oocyte maturation
The anti-pERK1/2 antibody labels O. dioica centrosomes. (a) In 2-cell embryos pERK1/2 (gree
and DNA labeling (blue) are superposed on the transmission image. Scale bars=10 μm (I); 2MTOC. pERK1/2 has been shown to localize to MTOCs in mouse
mitotic cells (Willard and Crouch, 2001).
To examine the effects of inhibiting MAPK activation on oocyte
maturation, we used an induction protocol in which animals are
incubated in small volumes over a period of up to 15 h (Ganot et al.,
2007b). Animals in P3 (day 4–5) placed in these conditions resume
oogenesis and initiate precocious maturation (P4) with growing
oocytes visible 10 h post-induction. Using this approach, activation of
the MAPK pathway, assayed by phosphorylation of ERK1/2, was
sensitive to inhibition of MAPK kinase (MEK) by the speciﬁc inhibitor
U0126, as assayed by western blotting of coenocyst extracts (Fig. 6.II).
We next investigated the in vivo effects of inhibiting MAPK
pathway activation on oocyte maturation. We ﬁrst veriﬁed that the
behaviour of markers identiﬁed during meiosis resumption under
standard culture conditions was maintained upon induction of
maturation (Fig. 7.I). Under induction, both pERK1/2 and H3S28P
showed pre-maturation labeling patterns prior to 5 h (Figs. 7.Ia, c).
However, after 10–13 h, oocyte formation was visible in ovaries,sis. (I) Anti-ERK1/2 at P3 (a) and P4 (b). (c–f) Anti-phosphoERK1/2 (pERK1/2) labeling
pERK, green; F-actin, red (d–f); DNA, blue. (a,b) ERK showed cytoplasmic staining at all
ation (b). (c) Prior to oocyte growth, activated pERK was found on cytoplasmic bodies
te growth commenced, pERK foci appeared in nurse chromatin, increased in intensity
/2 antibody (b). Discrete cytoplasmic foci were no longer detected. During coenocyst
mained associated with those meiotic nuclei retained inside growing (e) and mature (f)
estern blot of pERK during oocyte maturation and its disruption by U0126, a selective
les undergoing extensive cell proliferation. It was also detected in ovarian extracts from
n and in ovarian extracts from females where maturation had been induced. pERK was
but cultured in the presence of 4.5 μM U0126. Actin loading control shown below. (III)
n) was restricted to the centre of the spindle poles. (b) pERK1/2 immunostaining (green)
0 μm (III).
Fig. 7. Phenotypes arising from U0126 inhibition of the MAPK cascade during induction of
P4. (I) P3 animalswere induced tomature andﬁxedafter 5 hor in the interval 10–13h,post-
induction: pERK or H3S28P, green; F-actin, red; DNA, blue. Meiosis resumption and oocyte
growth was triggered and P4 markers pERK (a,b) and H3S28P (c,d) showed expected
transitions, 10–13 h post-induction. (a,c) After 5 h, there was no visible response to
induction. (b,d) After 10–13 h, oocyte growth was observed in most (60–80%) females
and nurse nuclei displayed pERK foci (b). Meiotic nuclei were uniformly π-shaped but
were H3S28P positive only when inside growing oocytes (d). (II) P3 animals were
induced in the presence of 1.5 μM U0126 and assayed 10–13 h post-induction. Despite
formation of growing oocytes and the π-conformation of meiotic chromatin (P4
markers), foci of pERK1/2 failed to appear in nurse nuclei (e,f). All meiotic nuclei
remained H3S10P positive (g), and all non-selected meiotic nuclei outside growing
oocytes had lost H3S28P labeling (h). In addition, nurse (f,g,h) and surplus meiotic nuclei
(g) passed through ring canals into maturing oocytes (f–h). Scale bar units in μm.
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meiotic chromatin had adopted the π-conformation, and only meiotic
nuclei within growing oocytes were selectively enriched for H3S28P
(Fig. 7.Id). Animals from the same population, maintained in parallel in
standard culture, showed none of these characteristic indications ofoocyte maturation, and remained in P3. Thus, the induction protocol
recapitulated the normal progression of oocyte maturation but
advanced the timing of this process with respect to the control
population.
Using this induction assay, the in vivo effects of the MEK inhibitor
U0126 on oocyte maturation were assessed. Upon treatment of
animals with 1.5 μM U0126 (Figs. 7.II, S2), oocyte growth was not
impaired but abnormal phenotypes were observed. Foci of pERK1/2,
indicative of MAPK pathway activation, were no longer present in
nurse nuclei, demonstrating inhibition of ERK1/2 phosphorylation by
U0126, though pERK staining of the cytoplasmic bodies was not
abolished by this treatment. All meiotic nuclei were uniformly labeled
for H3S10P whereas only the meiotic nuclei present in growing
oocytes were H3S28P, indicating that the requisite kinase activity was
correctly allocated to selected growing oocytes in the presence of
U0126. However, numerous oocytes containing multiple nurse nuclei
that had passed through RC were noted. Thus, pERK labeled two
principal cellular targets, foci within nurse nuclei, and MTOCs, in a
U0126-dependent and independent manner, respectively. Interest-
ingly, whereas the upstream ERK1/2 activator MEK locates to meiotic
chromatin after GVBD in rodents (Sun et al., 2008; Yu et al., 2007),
pERK translocates to nurse nuclei upon resumption of meiosis in O.
dioica. This substantiates a role for nuclear pERK in modifying the
transcriptional program at meiosis resumption.
Treatment of animals with colchicine, a disruptor of microtubule
dynamics, also yields oocytes containing multiple meiotic and nurse
nuclei (Ganot et al., 2007b). In view of the phenotype observed with
U0126, we analyzed the impact of microtubule disruption on MAPK
cascade activation and H3S28P of selected meiotic nuclei (Figs. 8, S2).
Under colchicine treatment, nuclear foci of pERK1/2 were still
detected in nurse chromatin, even when present inside growing
oocytes (Fig. 8a), ruling out an upstream effect onMAPK activation. On
the other hand, though most meiotic nuclei in the coenocyst general
cytoplasm had lost H3S28P, all meiotic nuclei present inside growing
oocytes, including those that had passed through RC, were enriched
for H3S28P (Figs. 8b, c). In addition, ∼20% of nurse nuclei found in
growing oocytes were H3S28P positive, though they did not show any
signs of chromosome condensation. When animals were left until
spawning, recovered oocytes contained H3S28P positive meiotic and
nurse chromatin (Figs. 8d–e′). Thus, the sub-cellular compartment
deﬁned by selected oocytes delimited a H3S28P-kinase speciﬁc
environment.
Discussion
The universal arrest of immature oocytes in meiotic prophase I is
central to coordinated production of mature gametes in concert with
favourable environmental conditions. The semelparous, pelagic,
chordate O. dioica has coupled prophase I arrest to a unique
organization of the germline as a giant single-cell coenocyst,
permitting rapid adjustment of oocyte number as a function of the
environmental quality it transits during its short life cycle.
Distinct nuclear fates in the coenocyst: histone modiﬁcations and
transcriptional roles
The ﬁrst half of the O. dioica life cycle is marked by asynchronous
mitotic proliferation of germline nuclei in a single syncytium, with no
differential distinguishing characteristics among nuclei. This period
was punctuated by a distinctive nuclear reorganization in about 50% of
nuclei at P1/2. The next phase, P3, involved rapid growth of the
coenocyst and a shift in transcriptional status, where the endocycling
nurse nuclei became responsible for most mRNA synthesis while
meiotic nuclei exhibited limited transcriptional foci. This was
accompanied by uniform labeling of all meiotic nuclei for H3S10P.
While the meiotic population had ceased DNA replication, nurse
Fig. 8.Maturing oocytes deﬁne H3S28P domains. P3 animals were exposed to 500 μM colchicine for 12 h and immunostained for pERK (green, a) or H3S28P (green, b–e, or white, d′,e′);
F-actin (red, a–c); DNA (blue, a–e). Additional meiotic and nurse nuclei were found in growing (a–c) and spawned (d–e′) oocytes. (d,e) Immuno- andDNA staining are superposed on the
transmission image. (a) Colchicine treatment did not impair P4 formation of pERK1/2 foci in nurse nuclei, outside or within growing oocytes. (b–d′) Supernumerary meiotic nuclei
within growing and spawned oocytes always exhibited H3S28P as opposed to meiotic nuclei outside oocytes. (d–e′) All meiotic (arrowheads), as well as some nurse nuclei, in spawned
oocytes were H3S28P positive. Scale bars=20 μm.
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C (Ganot and Thompson, 2002; Ganot et al., 2006).
Each meiotic nucleus and associated MTOC was enclosed in a pro-
oocyte, connected to the general cytoplasm by a RC. At a ﬁxed
developmental time (day 5.5 at 15 °C), or earlier in response to
environmental cues, a subset of pro-oocytes was selected to resume
maturation, and grew by transfer of the coenocyst cytoplasm through
the RC. Concurrently, all meiotic nuclei condensed into the π-
conformation, characteristic of metaphase I arrested oocytes at
spawning (Ganot et al., 2007b). While all meiotic nuclei in the
coenocyst retained H3S10P throughout maturation, only those
selected in maturing oocytes were enriched for H3S28P. This
modiﬁcation labels the subset of meiotic nuclei that will maintain a
metaphase chromatin organization during maturation, associate with
spindles and ultimately complete meiosis. It will be of interest to
determine in meiosis of other species whether H3S10P is associated
with transcriptional quiescence and H3S28P labels only those nuclei
selected for maturation. The causal relationships between H3S10P and
transcriptional quiescence, as well as H3S28P and oocyte selection
remain unclear at present.
MAPK activation in the coenocyst and phenotypes arising from cascade
inhibition
The majority of data on cascades of cytoplasmic enzyme activities
that characterize meiotic maturation are from studies of the fully
cellularised oocytes of Xenopus, and the starﬁsh, Asterina, with
contributions from the mouse and to a lesser extent other mammalian
oocytes. In O. dioica, maturation initiated when meiotic nuclei were
still in direct contact with the same cytoplasm as endocycling nurse
nuclei. Resumption of meiosis was accompanied by activation of the
MAPK cascade, resulting in increasing numbers of foci of pERK1/2 in
nurse nuclei as maturation progressed. This suggests targeting of
genetic loci that might play roles in downstream events. Inhibition of
MAPK activity led to loss of pERK1/2 labeling in nurse nuclei, but did
not impair resumption of meiosis, the onset of H3S28P labeling of
meiotic chromatin, or oocyte growth, indicating that MAPK was non-
essential for correct meiosis in O. dioica. Antisense approaches in Xe-
nopus, genetic data in Drosophila, mos-knockout mice, and several
studies in other mammals, have also shown that MAPK activation is
not essential for resumption of meiosis in prophase I of these
organisms (Dupre et al., 2002; Kishimoto, 2003; Ivanovska et al.,2004; Liang et al., 2007). In the coenocystic context of O. dioica,
however, nurse and additional meiotic nuclei were found in growing
oocytes upon MAPK inhibition. The same phenotype was observed
upon microtubule destabilization: nuclear attachment to the F-actin
scaffold was disrupted, and nuclei, following the cytoplasmic stream,
passed through RCs and became internalized in growing oocytes. In
stark contrast to nurse nuclei and unselected meiotic nuclei that
remained in the general coenocyst cytoplasm, these supernumerary
oocyte nuclei also acquired H3S28P, and escaped their normal
apoptotic destiny. Nurse nuclei that were positive for H3S28P did
not show signs of chromosome condensation, indicating that
condensation is not a prerequisite to high enrichment of this
modiﬁcation on chromatin. Thus, growing oocytes, arising from
rearrangement of the coenocyst scaffold in P4, deﬁne speciﬁc
cytoplasmic domains in the coenocyst, characterized in part by
differential acquisition of kinase activity for H3S28P. Twomechanisms
can be envisaged in establishing these domains. The RC could gate the
kinase activity in some manner though it should be noted that
organelles such asmitochondria pass freely through the 2 μmopening.
Alternatively, the kinase activity could be speciﬁcally retained in
oocytes by association with sub-oocytic structures such as the cortex
or theMTOC. Localized transportmediated bymicrotubules is unlikely
as colchicine and U0126 did not perturb H3S28P redistribution into
selected oocytes.
During meiotic maturation of mouse and rat oocytes, clear links
between the MAPK cascade and microtubule dynamics have been
established (Lee et al., 2007; Tong et al., 2003; Verlhac et al., 1996). In
O. dioica, although U0126 inhibited formation of pERK-labeled nurse
nuclear foci, pERK staining on MTOCs was unaffected. Of note in this
regard, there is only one homolog of the vertebrate pERK 1 and 2
paralogs in the O. dioica genome. There are several possible
explanations. The phosphatase responsible for pERK dephosphoryla-
tion is not present at MTOCs, phosphorylation of ERK at MTOCs is not
dependent on upstream MEK, or the pERK antibody staining of the
cytoplasmic body is nonspeciﬁc. Interestingly, in O. dioica pERK labels
MTOCs prior to meiosis resumption, already in early P3, and in
vertebrates, MEK independent activation of pERK, via ras/raf, is an
alternative pathway (Liang et al., 2007). In somatic cells, ERK has been
shown to regulate the bidirectional transport of melanosomes along
microtubules in response to active MEK in Xenopus, and treatment
with U0126 inhibited intra-cellular movement of melanosomes
(Deacon et al., 2005). Since, in the O. dioica coenocyst, disruption of
Fig. 9. Schematic summary of the Oikopleura dioica maturation activation cascade. A
signal triggered at a ﬁxed developmental time (day 5.5 at 15 °C) or by experimental
induction (day 4–5.5) activates the MAPK cascade. A subset of pro-oocytes is selected
for growth and maturation. All meiotic nuclei (MN) achieve the π-conformation
(meiosis resumption). CytoplasmicMAPK activation results in the appearance of pERK1/
2 foci in nurse nuclei (NN) and H3S28P selective enrichment of meiotic nuclei
populating growing oocytes. Disruption of MAPK activation by U0126 results in
supernumerary nuclei within growing oocytes, similar to colchicine treatment. Since
pERK1/2 also labels MTOCs, and cytoplasmic rearrangement during the P3–P4
transition occurs at the time of MAPK activation, we propose that pERK acts, directly,
or via downstream nurse nuclear targets, on microtubules (MTs). This restrains nurse
and unselected meiotic nuclei from passing through ring canals into oocytes, where
kinase activity for H3S28P has become localized.
Fig. 10. Chronology of key events during oogenesis in Drosophila, Oikopleura, and vertebrate
vitellogenesis of individual oocytes. Meiosis resumption occurs late in prophase I upon horm
such as Drosophila, the cyst phase persists throughout prophase I but oocyte selectionwithin
later (stage 10) concomitant with massive transfer of cytoplasm to the oocyte through ring
dioica, the single giant germ cell cyst is retained throughout prophase I. Here, however, oocyte
P3–P4 transition. This unique process enables last minute adjustment of oocyte numbe
vitellogenesis. (II) Details of transitions in nurse and meiotic nuclei during coenocystic oog
H3S10P, histone H3 ser10 phosphorylation; Apopt, apoptosis); MAPK, MAP kinase cascade ac
H3S10P, histone H3 ser10 phosphorylation; H3S28P, histone H3 ser28 phosphorylation; π,
oogenesis. The relative extent of each process is indicated by thin (low) or thick (high) lines.
respectively.
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in aberrant inclusion of nurse and excess meiotic nuclei in vitellogenic
oocytes, it is possible that a similar mechanism may regulate the
microtubule-mediated retention of these organelles preventing their
entry into oocytes (Fig. 9). Thus, the MAPK pathway transduced the
cellular, but not the meiotic, response to activation of oocyte
maturation during prophase I. It is unclear whether this occurs
directly through action of MAPK on the microtubule network or via a
more indirect route of pERK1/2 targeting of nurse nuclear loci.
Oocyte selection coupled to meiosis resumption: efﬁcient adaptation for
oocyte production
With respect to progression through prophase I of meiosis, the
germline cyst phase is terminated much earlier in vertebrates than
during the meroistic oogenesis of the higher insect, Drosophila.
Nonetheless, in both groups, oocyte selection precedes both vitello-
genesis and resumption of meiosis. In contrast, in the coenocystic
strategy of oogenesis in the urochordate Oikopleura, vitellogenesis
precedes oocyte selection (Fig. 10). This allows the population of
meiotic nuclei, present in large excess andwell advanced inmeiosis, to
seed a variable number of growing oocytes as a function of
accumulated resources. This mechanism, implicating innovatives. (I) In vertebrates, oocyte selection occurs at germline cyst breakdown and precedes
onal signalling triggering MAPK activation. In the meroistic oogenesis of higher insects
the 16 germ cell cyst occurs early in oogenesis (stage 2). Meiosis resumption commences
canals connecting the oocyte to nurse cells. In the coenocystic oogenesis of Oikopleura
selection is delayed until meiosis resumption, at the time of MAPK activation during the
r to accord with the cytoplasmic volume of the germline cyst accumulated during
enesis in O. dioica. NN, nurse nuclei (Endoc, endocycles; RNA, transcriptional activity;
tivation; MN, meiotic nuclei (RNA, transcriptional activity; Telo.Cl, telomere clustering;
condensed π-conformation of meiotic chromatin; Apopt, apoptosis). P1–P5: phases of
For MN in P4 and P5, solid and dashed lines represent selected and non-selected nuclei,
276 P. Ganot et al. / Developmental Biology 324 (2008) 266–276cellular and molecular adaptations, permits the decision point on
numerical oocyte production to be left until very late in the animal's
life cycle, near the point of maximal integration of energetic resources
from the environment. The temporal coupling of oocyte selectionwith
meiosis resumptionproves to be an efﬁcient, elegant solution for rapid
adjustment of reproductive output over two orders of magnitude as
this short-lived chordate responds to ﬂuctuating nutrient conditions
through the regulation of population dynamics.
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